We evaluate the behavior of a device designed to automatically divert and store the first flush of harvested rainwater in cisterns. The first phase (PI) was conducted with artificial precipitation in an experimental installation seeking to identify how many millimeters of rainwater should be diverted to preserve the rainwater quality. In the second phase (PII), we designed a PVC-pipe device to store the first millimeter of rainwater, and tested it in field (a rural area in Brazil) during two real rainfall events.
INTRODUCTION
Historically, water availability and the relationship between the quality of water and its uses have represented a major obstacle to human development. Water security is a central theme when seeking to protect the future of cities. The planning and development of cities require better efficiency in terms of the use of natural resources, including changing society and industrial habits, aiming to build sustainable productive chains based on the scarcity of resources. Rainwater is a natural resource that is unpolluted during the hydrologic cycle. The collection and storage of rainwater is an important solution when facing water scarcity. This practice is already common in arid and remote areas, where the implementation of conventional water supply systems is unprofitable or technically unviable (Sazakli et al. ) .
Water storage in tanks, usually known as cisterns, is common in areas that suffer long periods of drought, such as arid zones in northern China (Zhu et al. ) , southern Syria (Braemer et al. ) , and Palestine (Al-Salaymeh et al.
).
periods (eight to nine months per year) and a rainy period concentrated in three to four months of the year (Alves et al. ) . The aim of the WA program is to complete 1.5 million cisterns (MI ), delivered to the population in the semiarid region where the conventional water supply is not viable. The program builds one 16,000-liter cistern (made of concrete or polyethylene) for every house. This volume should supply a family of five with drinking water, as well as water for cooking and brushing teeth, during the entire dry season (Fonseca et al. ) . Rainwater is used for human consumption because it is free of pathogens and many other pollutants that are usually found in surface and groundwater. However, rainwater can be contaminated by a number of processes, including microbial contamination from animal feces, chemical contamination from the atmosphere and the dissolution of compounds from roof materials, and physical contamination from the deposition of solids (McBean et al. ) . Additionally, water handling, the method of water retrieval from cisterns, and water storage methods may also affect the quality of water used for human consumption. In general, there is a strong consensus that diverting the first flush of rainwater is a protective factor against the consumption of contaminated water. However, most of the first flush devices used are made of concrete, for which leakages are a common problem, often leading to the abandonment of their use (Souza et al. ) . It is also common to manually divert the first flush (Gikas & Tsihrintzis ). It has even been recommended to disconnect the pipes that divert water containing suspended solids from gutters (Alves et al. ) . The manual diversion of the first flush is extremely dependent on the attitude and availability of the user. Plastic-made devices are widely commercially available. However, scientific studies reporting the behavior and proper amount of rainwater to be diverted in the field are limited.
To improve the quality of rainwater stored in cisterns, the aim of the present study was to assess the performance of a device designed to store the first millimeter of rainfall collected in cisterns. The water is diverted automatically.
The device is made of PVC for reducing leakages, and it was tested from demonstration scale to practical application in the field (rural site). Additionally, we tested a hand pump as a complementary protective device.
MATERIAL AND METHODS

Study area
The present study was conducted in the city of Caruaru in the state of Pernambuco in the northeast of Brazil (Figure 1 
).
Two AP experiments were carried out in the RCES in triplicate (total of six assays). The aim of these experiments was to find the first flush volume that should be diverted to improve the quality of rainwater stored in the cisterns.
The water used in the AP experiments was provided by the local sanitation company. The two precipitation intensities used were the average for the study area (23 mm/hperformed in triplicate) and another that was twice as high (46 mm/halso performed in triplicate).
Samples of the first, second, third, and fourth millimeters of rainfall were collected. For sampling each millimeter of AP, four graded plastic buckets (named A, B, C, and D), with a maximum capacity of 59 liters each, were used to collect ten sequential samples (Table 1) . Immediately after each bucket was filled, the water was mixed to standardize the water and collect samples for the analysis. Based on the results from the first phase, we designed a device to automatically divert and store the first flush of rainwater. The device design is a variation of commercially available devices (Rain harvesting ® , Waterplex ® , etc.). It is made of PVC pipes and connections, arranged to store The working principle is based on the communicating vessels. When the rain starts, the first flush is automatically stored in the device, and cleaner rainwater is forwarded to the cistern (Figure 3 ).
The water stored inside the device can be discarded or Phase 3: long-term monitoring of protective devices
In this phase, we expanded the study of the DesviUFPE behavior in the field by adding the assessment of a hand pump, which is commonly used by the rural community. We collected water from eight cisterns ( Table 2) Cisterns C2 and C3 (Table 2) were monitored for 24 months. Cisterns C1, C5, C6, C7, and C8 were monitored for 12 months. Four of the analyzed cisterns did not receive any protective device throughout the entire monitoring period (C3, C6, C7, and C8). Cistern C5 only had a hand pump. Cisterns C1 and C2 had two protection devices (Des-viUFPE and the hand pump). Cistern C4 was monitored for a total period of 24 months, with the two protection devices (DesviUFPE and the manual pump) installed in the 13th month of monitoring (Table 2 ). The samples were directly collected from the cistern monthly using the hand pump (when available) or by introducing a bucket into the cistern.
The hand pump utilized can extract 1 liter of water at each pump round. This device was made using PVC pipes and connections (50 mm and 40 mm), rubber rings, and two small marbles ( Figure 5 ).
All obtained data (same parameters as Phase 2) were analyzed using descriptive statistics tools and a level of significance of 5%. The comparison of mean values (Student's t-test) and analysis of variance (ANOVA) were also applied. Tukey's test was used to make comparisons based on the minimum significant difference.
RESULTS AND DISCUSSION
Phase 1: identifying the amount of rainwater to be diverted
The first millimeter was responsible for the most substantial removal of color (87.52%) and turbidity (88.40%, Figure 6 ) from rainwater that could reach the cistern. The diversion of the second, third, and fourth millimeters resulted in low additional contributions of 4.55%, 6.73%, and 7.86%, respectively, for color, with corresponding values of 6.39%, 7.39%, and 9.32% for turbidity. Thus, no significant differences were found between the second, third, and fourth diverted millimeters (ANOVA: p-value ¼ 0.160078 for α ¼ 5%).
The only parameter affected by the change in the precipitation intensity (from 23 to 46 mm/h) was turbidity ( Figure 6 ). This influence was only relevant for the first millimeter (Student's t-test: p-value ¼ 0.0446 for α ¼ 5%), with 5% higher removal at the intensity of 46 mm/h when compared with the result found for the 23 mm/h intensity. The runoff velocity was higher for the higher intensity, which only affected suspended solids, measured as turbidity.
When we consider the removal of total coliforms, once more, the first millimeter was responsible for the most significant removal (98.5%). The concentration of total coliforms in the rainwater that passed over the roof and gutters was reduced from 536,433 (BD, Figure 7) to 7,876 MPN/100 mL (A1, Figure 7 ) after diverting the first millimeter. However, after the fourth millimeter, total coliforms dropped to 510 MPN/100 mL (99.7% of removal efficiency) (A4, Figure 7) . At this point, it is necessary to consider the ratio between the additional volumes of water that were discharged after the first (59 liters) and the fourth (236 liters) millimeters and the benefit generated by these diversions. When we consider regions with annual precipitation of less than 800 mm, the importance of preserving water resources is more extreme. During the years 2012 and 2013, the mean monthly precipitation was 29 mm and 50 mm, respectively, in the region monitored herein (INPE ). If we consider, for example, a catchment surface of 100 m² (mean catchment surface area of the cisterns monitored), the maximum volume that one family could store monthly was 2,900 liters and 5,000 liters. Thus, the diversion of the first 4 millimeters (corresponding to 400 liters in this case) of rainfall could be reckless, in terms of water resource management, due to the large amount of water being discharged. The scenario is critical when more than one discharge is required in a month, due to dry deposition between rainy events.
The best performance of diverting the first flush millimeter was found for E. coli, with a 100% removal efficiency. The association of microbes with settleable organic and inorganic solid particles may be the key for explaining the removal efficiency of pathogens by sedimentation, given that the attached microbes settle down faster than microorganisms in a free phase. Bacterial indicator organisms exhibit a consistent sedimentation correlation with settleable solids in urban runoff water samples. According to Characklis et al. () , centrifuging fecal coliforms, E. coli, and Enterococci with suspended solids increased the removal of these microbes by 30 to 50% in comparison to raw samples without centrifugation. This helps explain the good behavior of the device in removing E. coli (100%) and total coliforms (98.5%) in association with total solids (86.3%). Analysis of the physicochemical parameters confirmed that turbidity, true color and apparent color were removed in the greatest quantities from rainwater that passed over the roof and gutters (difference between the results found for points B and D, Figure 4) ; average removal efficiencies of 71%, 66%, and 69%, respectively, were found for these parameters (Table 3) .
The best results, as in the first phase of this study, were found for the microbiological parameters. In the field, the (difference between points B and D, Figure 8 ), respectively, for rainfall events I and II. This result is particularly important given that the population drinks the rainwater stored in cisterns.
Rainfall event I occurred immediately after the installation of the DesviUFPE in the field. It is interesting to note that the total coliform value found in the cistern (point E, Figure 8 ) in rainfall event I was 14,592 MPN/100 mL. A
year after the DesviUFPE installation, this value was reduced to 2,490 MPN/100 mL (point E, rainfall event II, Figure 8 ). Thus, 82.9% of total coliform removal was found in the field after one year of diverting the first millimeter of the rainwater stored in the cistern. This is the consequence of diluting the water prior to device installation with better quality rainwater, which had passed through successive diversions of the first millimeter.
Phase 3: long-term monitoring of protective devices
Cistern C1 had both the DesviUFPE and a hand pump installed, while a hand pump was the only device in cistern C5 ( Table 2 ). The other cisterns monitored (C6, C7, and C8)
were not supplied with any protective devices. We used the parameter of turbidity to exemplify the significant differences found between the cisterns monitored (ANOVA:
p-value ¼ 6.14 × 10 À25 , para α ¼ 5%). The results found for cistern C1 were the most significantly different from the others ( Table 4 ). The mean value for turbidity in C1, with both protection devices (pump þ device), was 34.4% lower than the mean value found for C5 (only pump) and 70.7% lower than C8, which had no protection devices and exhibited the worst water quality.
The best results found in C1 are mainly related to E. coli (0.75, Figure 9 ), considering that the water is used for drinking purposes. The E. coli value in C1 was 63.6% lower than C5 (only pump) and 78.5% lower than C8 (no protective devices installed). This reflected the great influence of both devices, with better results found for the combination of a hand pump and the first flush device (cistern C1). Cistern C1 also showed the lowest levels for other parameters such as apparent color (mean of 3.58 uH) and total coliforms (mean of 557 CFU/100 mL). Lee et al. () advised that when monitoring specific storage tanks for rainwater, it is important to guarantee that the monitoring interval is long enough to assess the variations caused by the changing of the seasons throughout The last part of the experiment sought to determine the performance of the protective devices, comparing their influence in the same cistern. The water from cistern C4 was monitored for 12 months before the installation of the hand pump and the DesviUFPE (period named P1, Table 5 ) and 12 months after installation (period named P2, Table 5 ). The physicochemical parameters of apparent color, true color, turbidity, and dissolved solids were affected by the barriers installed, with removals of 43%, 35%, 70%, and 48%, respectively ( are improved, together with improved management of the reservoir on behalf of the users. The better behavior for removing E. coli (60%) in comparison with total coliforms (18%) reinforces the device relevance when harvested rainwater is used for drinking purposes.
CONCLUSIONS
The results of Phase 1, conducted with artificial rainwater in an experimental installation on the university campus, indicated that the greater load of pollutants is removed when the first millimeter of the harvested water is diverted. Discarding the first millimeter of rainwater reduced total coliforms and E. coli by 98% and 100%, respectively. In Phase 2, during which a PVC-pipe device named the DesviUFPE was used to accumulate 1 mm of precipitation, the results indicated a 96% removal efficiency of total coliforms for two monitored rainfall events in consecutive years. When the use of the device was extended to three houses in the rural site and a monthly monitoring program was conducted for 24 months (Phase 3), the previous behavior of working as a sanitary barrier was confirmed for the DesviUFPE. The cisterns equipped with the device and a manual pump exhibited lower concentrations of apparent color, turbidity, total dissolved solids, total coliforms, and E. coli (43%, 70%, 48%, 84%, and 72%, respectively) when compared with a cistern without any sanitary protection. The reduction found in the parameters investigated here ensures a lower health risk for drinking harvested rainwater when the 1 mm diverting device was used for the sanitary protection of the cistern.
